Progesterone is a steroid hormone secreted from the corpus luteum (CL), which is responsible for establishment and maintenance of pregnancy. Early embryonic mortality often occurs due to inadequate regulation of uterine prostaglandin (PG) F 2α secretion, leading to a decrease in progesterone and loss of pregnancy. The objective of the current study was to determine the effects of fish meal supplementation on luteal sensitivity to intrauterine infusions of PGF 2α . Nonlactating beef cows received corn gluten meal or fish meal supplementation for 60 days. Cows were administered four intrauterine infusions of 0.25 mL saline at 6-h intervals (n = 6 corn gluten meal; n = 5 fish meal) or two doses of 0.5 mg PGF 2α in 0.25 mL saline at 12-h intervals (n = 11 corn gluten meal; n = 11 fish meal) commencing on days 10 to 12 of the estrous cycle. At time of each infusion, luteal biopsies were collected to determine the effects of supplementation on expression of immediate early and steroidogenic genes involved in cholesterol transport and progesterone biosynthesis. Transrectal ultrasonography was performed to measure diameter of CL, and blood samples were collected to determine serum progesterone. Intrauterine infusion of PGF 2α resulted in upregulation or no change in FOS, NR4A1, and 3BHSD and downregulation in LDLR, STARD1, and CYP11A1. Although CL diameter decreased, infusion of PGF 2α resulted in functional regression in 91% of cows supplemented with corn gluten meal, and only 46% for fish meal supplemented animals. Results demonstrate that fish meal supplementation alters luteal sensitivity to PGF 2α , which may affect fertility.
Introduction
The corpus luteum (CL) is an ovarian endocrine gland that secretes the steroid hormone progesterone which is essential for the maintenance and establishment of pregnancy in all mammalian females. In the cow, a surge of luteinizing hormone (LH) is released from the anterior pituitary gland after onset of estrus to cause follicular rupture and release of the ovum [1] [2] [3] . In addition, LH causes the theca and granulosa cells of the ovulated follicle to differentiate into small and large steroidogenic luteal cells, respectively [4] [5] [6] .
Cholesterol is the precursor to all steroid hormones [7] . Although steroidogenic luteal cells can synthesize cholesterol de novo, majority of the cholesterol utilized for progesterone synthesis comes from the blood in the form of lipoproteins. Lipoproteins bind to membrane-bound receptors on the plasma membrane of luteal cells and are endocytosed [8] . Cholesterol is sorted from lipoproteins within endosomes and trafficked to the mitochondrion, which is the site of the first enzymatic reaction, or stored as cholesterol esters in lipid droplets [7, 9] . At the mitochondrion, cholesterol is transported across the outer and inner membrane by steroidogenic acute regulatory protein (STARD1), the rate-limiting step in steroidogenesis [10] . Cholesterol side-chain cleavage enzyme (CYP11A1) is located on the inner mitochondrial membrane and catalyzes cholesterol to pregnenolone. Pregnenolone exits the mitochondrion and enters the endoplasmic reticulum, where it is converted to progesterone by the enzyme 3β-hydroxysteroid dehydrogenase (3BHSD) [7] . Progesterone is then secreted from the CL, and has many functions which include blocking estrogen-induced pituitary release of gonadotrophins [11] and regulating uterine function and promoting embryonic development during early pregnancy [12, 13] .
In the nonpregnant cow, prostaglandin (PG) F 2α is released by the uterus in the event that fertilization has not occurred, causing regression of the CL [14] [15] [16] . Prostaglandin F 2α binds to the prostaglandin F 2α (FP) receptor, initiating an intracellular signaling cascade, leading to inhibition and expression of steroidogenic enzymes resulting in a decrease in progesterone synthesis and regression of the CL [17, 18] . In the pregnant cow, the embryo must produce sufficient amounts of interferon-τ to trigger maternal recognition of pregnancy [19] [20] [21] . Interferon-τ secreted from the trophectoderm of the developing conceptus attenuates uterine release of PGF 2α preventing regression of the CL. Early embryonic mortality often occurs when a viable embryo fails to effectively control PGF 2α secretion, resulting in regression of the CL and termination of pregnancy [22] . Embryos failing to inhibit uterine PGF 2α secretion is a major cause of pregnancy loss in bovine [20, 23] . Previous results from our laboratory demonstrated that supplementation of fish meal increased the lateral mobility of the bovine FP receptors on the plasma membrane of luteal cells [24] , which may decrease luteal sensitivity to PGF 2α . Therefore, decreasing luteal sensitivity to PGF 2α may be a way to improve pregnancy.
Nutrition, especially dietary energy, plays a critical role on reproductive performance in the bovine [25] [26] [27] [28] [29] . The omega-3 polyunsaturated fatty acids are a distinct class of long-chain fatty acids with a double bond at the third carbon from the methyl end of the acyl chain. There are three omega-3 fatty acids that can have a significant impact on cellular physiology and possibly reproduction: α-linolenic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). Numerous studies have been conducted showing beneficial effects of omega-3 polyunsaturated fatty acids on ovarian [30, 31] and uterine function in the bovine [32, 33] . The mechanism by which a diet high in omega-3 polyunsaturated fatty acids alters reproductive performance is still largely unknown.
Supplementation of fats in the diet, specifically sources high in omega-3 polyunsaturated fatty acids, has been shown to influence uterine function and gene expression [34] . Additionally, supplementation of fats having a high percentage of omega-3 polyunsaturated fatty acids has been reported to suppress oxytocin-induced uterine synthesis of PGF 2α in cattle, which may contribute to a reduction in embryonic mortality [35, 36] . Therefore, supplementing the diet of breeding females with fish meal, a rich source of omega-3 polyunsaturated fatty acids, may regulate uterine PGF 2α secretion. However, these fatty acids may decrease luteal sensitivity to PGF 2α as well.
We have reported that dietary supplementation of fish meal influences PGF 2α receptor lateral mobility of bovine luteal cells [24] . Increased mobility of FP receptors may reduce luteal sensitivity to PGF 2α , thereby increasing the window for viable embryos to trigger maternal recognition of pregnancy. Therefore, it is hypothesized that fish meal supplementation may lead to a decrease in luteal sensitivity to PGF 2α in the bovine. The objectives of this study were to determine the effects of dietary fish meal supplementation on (1) luteal size, (2) circulating serum progesterone concentrations, and (3) expression of key immediate early and steroidogenic genes in response to intrauterine infusions of PGF 2α .
Materials and methods

Animal husbandry
All animal procedures described herein were approved by the Colorado State University institutional animal care and use committee (Approval # 13 -4440A). Beef cows of mixed breeds were purchased at a local sale barn in Fort Collins, Colorado, and housed in dry lots at the Colorado State University Animal Reproduction Biotechnology Laboratory Foothills campus. Reproductive organs were palpated per rectum for the presence of gross anatomical abnormalities (cystic follicles) and adhesions. In addition, transrectal ultrasonography using an Aloka 500 V equipped with a 5 MHz linear array transducer was performed on ovaries to confirm the presence of CL and uteri to confirm the absence of a fetus. Cows with adhesions, cystic follicles, no CL, or those who were found to be pregnant were removed from the study.
Cows received a 95% mixed hay diet (Table 1) throughout the supplementation period. Cows were stratified by BW and randomly assigned to receive corn gluten meal (n = 17) or fish meal (n = 16; SeaLac, Omega Protein; Figure 1 ) supplementation. Diets were delivered daily for approximately 60 days at a dry matter intake equivalent to 2.0% BW (Table 2) . Supplements were formulated to be isocaloric and isonitrogenous, meeting or exceeding NRC recommendations for nonlactating beef cows [37] . Animals were individually penned twice daily at 0600 and 1800 daily for approximately 2 to 3 h to receive hay and supplement. After which animals were released from pens to have ad libitum access to shelter and water. Body weights were determined weekly, and diets were adjusted as needed to maintain desired supplementation at 5% dry matter intake.
Cows were administered 25 mg i.m. injections of PGF 2α (Lutalyse, Pharmacia & Upjohn Co) on days 36 and 50 of supplementation to synchronize estrous cycles. Cows were observed for estrous behavior at dusk and dawn for a minimum of 30 min following second Figure 1 . Schematic diagram of dietary supplementation and experimental design. Cows were supplemented with corn gluten meal or fish meal and administered two injections of prostaglandin F2α at 14-day intervals to synchronize estrous cycles. Cows were treated with intrauterine infusions of saline (four doses at 6-h intervals) or PGF2α (two doses at 12-h intervals). Intrauterine infusion and luteal biopsies ( †), transrectal ultrasonography ( † ), and blood samples (h) were collected at indicated time points. injection of PGF 2α . Estrous detector patches (Estrotect) were applied to tail-head region of animal to aid in detection of estrus. Transrectal ultrasonography was performed on ovaries on days 10 to 12 postestrus (approximately day 60 of the supplementation period) to confirm ovulation and presence of a CL (Figure 1 ).
Plasma fatty acid composition
Blood samples were collected from the jugular vein immediately before supplementation commenced and weekly thereafter to measure changes in plasma fatty acid composition. Samples were collected in 3-mL blood tubes containing 5.4 mg EDTA (BD Vacutainer, Becton and Dickson Co) and immediately placed on ice. Samples were centrifuged at 1500 × g for 15 min, after which plasma was collected and stored at -80
• C until GLC analysis.
Intrauterine infusions, luteal biopsies, blood sampling, and corpus luteum measurement
Cows were administered four intrauterine infusions of 0.25 mL saline or 0.5 mg PGF 2α in 0.25 mL saline beginning at mid-luteal phase of the estrous cycle (days 10 to 12 postestrus). Animals were randomly assigned to receive either four doses of saline (controls; n = 6 corn gluten meal supplemented cows; n = 5 fish meal supplemented cows) at 6-h intervals or two doses of PGF 2α (n = 11 corn gluten meal supplemented cows; n = 11 fish meal supplemented cows) into the uterine horn ipsilateral to the CL. Cows administered two doses of PGF 2α were infused with PGF 2α at the first (0 h) and third (12 h) infusion and saline at the second and fourth infusion ( Figure 1 ). Using sterile techniques, 0.25 cc polyvinyl AI straws were preloaded with appropriate treatment immediately before administration. Treatments were delivered at the curvature of the uterine horn ipsilateral to the ovary bearing the CL using an AI stylet by a skilled technician. Jugular blood samples were collected immediately before infusion and at 3-h intervals for the first 24 h. After which, samples were collected at 6-h intervals for an additional 24 h (Figure 1 ). Blood samples were allowed to clot at 4
• C and were centrifuged at 1500 × g for 20 min. Serum was harvested and stored at -20
• C until assayed for progesterone. Real-time transrectal ultrasonography was performed on the ovary bearing the CL using an Aloka 500 V equipped with a 5 MHz linear array transducer at the time of uterine infusions. Ovaries were scanned at the time of each uterine infusion and an additional scan 48 h following initial infusion. Diameter of CL was determined using digital calipers and recorded to the nearest 0.5 mm.
Luteal biopsies were collected 30 min postintrauterine infusion using a protocol as described by Tsai et al. with modifications [38] . Briefly, the perineal region was thoroughly cleaned with betadine and 70% ethanol prior to each biopsy. Local anesthesia was induced by administering 5 mL of lidocaine hydrochloride (2%; Vedco Inc) into the epidural space between the first and second caudal vertebrae. The ovary containing the CL was located per rectum and retracted to the vaginal fornix. A transvaginal ultrasound-guided biopsy instrument (Boland Vet Sales) equipped with a 5 MHz convex-array transducer (UST-9111-5, Aloka) was inserted into the vagina, and the ovary was positioned with the CL in line with the projected needle path. A spring loaded Quick-Core 60 cm 18-gauge needle with a 20 mm specimen notch (QC-18-60-20T, Cook Medical) was inserted into the needle guide of the biopsy instrument. The needle was passed through the vaginal wall into the CL, and the triggering mechanism was activated to collect a luteal specimen. The sample (3-7 mg of tissue) was rinsed with sterile PBS to remove blood and was visually inspected to ensure it was yellow/orange in color indicating luteal tissue. The tissue sample was placed in a 1.7 mL Eppendorf tube and snap-frozen in liquid nitrogen. Samples were stored at -80 C until further processing.
Progesterone analysis
A commercially available progesterone competitive ELISA assay (Cayman Chemical) was used to measure serum progesterone according to the manufacturer's protocol. Progesterone was extracted using a double-extraction procedure prior to ELISA assay as described [39] . Briefly, 100 μL of serum and 1 mL petroleum ether were mixed in a 10 × 13 mm glass test tube. Phase separation was accomplished by placing samples into a -80
• C freezer for 5 min.
The organic phase was decanted into a clean glass test tube, and an additional 1 mL petroleum ether was added to aqueous phase and phases were separated as above. Organic phases were combined and evaporated using N 2 gas. Samples were reconstituted in 1 × ELISA buffer at a 1:10 dilution. Intra-and interassay coefficient of variation were 7.2% and 16.3%, respectively, across 25 assays.
Gas-liquid chromatography
Plasma (500 μL) was added to a 16 × 100 mm glass reaction tube and freeze-dried for 24 h prior to methylation. To prevent light-induced oxidation of fatty acids, samples were covered and maintained in dark during freeze-drying process. Fatty acids were methylated using a direct methylation procedure as previously described [40] . An Agilent 7890A Series GLC (Agilent) with a mass spectrometry detector was used to determine plasma long-chain fatty acid composition, as previously described [24] . The instrument was calibrated using fatty acid methyl ester GLC 68-D (Nu-Chek Prep, Inc) as a reference standard. Unknown long-chain fatty acids in plasma were determined by comparing the mass spectrometry and relative retention times to the reference standard (palmitic acid, palmitoleic acid, stearic acid, oleic acid, linoleic acid, α-linolenic acid, arachidonic acid, EPA, and DHA). Identified peaks were then calculated as normalized area percentages of long-chain fatty acids. Long-chain fatty acids were reported as relative weight percent, which was calculated by dividing individual fatty acid area by total peak area within the chromatogram.
Quantitative PCR analysis
Total RNA was extracted and purified from tissue samples using TRIzol Plus RNA Purification Kit (ThermoFisher Scientific) according to the manufacturer's protocol. Briefly, tissue was homogenized in 100 μL of TRIzol on ice using a disposable polypropylene pestle. Following homogenization, an additional 900 μL of TRIzol was added to sample and maintained at room temperature for 5 min. After which, 200 μL chloroform was added to homogenate, vortexed, and incubated at room temperature for 3 min. Samples were centrifuged at 12,000 × g at 4
• C for 15 min, and the aqueous phase containing RNA was removed, placed in a new 1.7 mL Eppendorf tube and an equal volume of 70% (vol: vol) ethanol was added to each sample. Samples were then transferred to a spin column and centrifuged at 12,000 × g at room temperature for 15 s to bind RNA to membrane. Wash buffer I (700 μL) was added to spin column followed by centrifugation at 12,000 × g at room temperature for 15 s. Samples were then washed twice with 500 μL wash buffer II and centrifugation at 12,000 × g for 15 s at room temperature to remove buffer. Membranes containing bound RNA were dried using centrifugation at 12,000 × g at room temperature for 2 min prior to being eluted from the column. RNase-free water (30 μL) was placed in spin column containing RNA and incubated for 1 min at room temperature followed by centrifugation at 12,000 × g for 2 min at room temperature to elute RNA. Concentration of RNA was estimated using a 2.0 Qubit Fluorometer. Samples were stored at -80 • C until further processing.
First-strand cDNA was prepared from 1 μg total RNA using QuantiTect Reverse Transcription kit (Qiagen) according to the manufacturer's protocol and a Bio-Rad T100 PCR Thermal Cycler. Briefly, genomic DNA was removed by adding 2 μL of 7× genomic DNA wipeout buffer, 1 μg total RNA, and RNase-free water in a 0.2-mL PCR tube to a final volume of 14 μL. Samples were incubated at 42
• C for 2 min and placed on ice for 10 min. Following DNA digest, 1 μL of RT master mix, 4 μL of 5 × RT buffer, and 1 μL of RT primer mix were added to RNA samples. Samples were incubated at 42
• C for 30 min followed by 95
• C for 3 min to inactivate RT enzyme. Samples were stored in -80
• C until qPCR.
Bovine-specific primers for immediate early and steroidogenic genes were designed using Primer3 software from the NCBI (http://www.ncbi.nlm.nih.gov/) gene database. Primer pair Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/4/543/4794935 by OUP site access user on 08 October 2018 sequences, product sizes, and primer efficiencies are shown in Table 3 . All qPCR reactions were carried out in duplicate for each gene using 5 μL QuantiTect SYBR Green, 200 nM of each primer, 5 ng of cDNA, and RNase-free water to bring to a total reaction volume of 10 μL. Reaction conditions were done by initial activation at 95
• C for 15 min. This was followed by 40 cycles of denaturation, annealing, and amplification (94 • C for 15 s, 60
• C for 30 s, 72
• C for 30 s) using a Bio Rad CFX384 real-time PCR system. Melt curve analysis was conducted at the end of each experiment to ensure single product amplification. In each assay, the absence of cDNA template served as a negative control.
Statistical analysis
All data sets were tested for normality using the Shapiro-Wilk test and data were transformed if necessary prior to statistical analysis. All data are reported as least square means ± standard error of the mean, and significance was declared at P < 0.05.
Body weight
The effects of dietary supplementation (corn gluten meal or fish meal) on initial and ending BW were analyzed using t-test. Calculations were made in SAS (Cary, North Carolina, USA) using PROC TTEST.
Plasma long-chain fatty acids
The effects of dietary supplementation (corn gluten meal or fish meal) on plasma long-chain fatty acid content were analyzed using one-way analysis of variance with repeated measures. The statistical model included dietary supplementation, day, cow, supplementation × day, and residual error as sources of variation. Cow was considered a random variable in the model. Calculations were made in SAS using PROC MIXED with the repeated statement. A heterogeneous autoregressive covariance structure was used in the repeated model to account for heterogeneous variation among samples. Preplanned pairwise t-test comparisons were used to determine differences using the PDIFF option of SAS.
Serum progesterone and luteal diameter
Cows infused with two doses of PGF 2α were grouped as having a regressed or nonregressed CL at the end of the experimental period. A regressed CL was considered when serum progesterone was below 1 ng/mL for two consecutive sampling time points. An analysis comparing CL volume to serum progesterone concentration was performed as an additional means for analyzing functional regression. Volume of CL was calculated as v = 4 / 3 π × r 3 , and serum progesterone concentration was then divided by CL volume at 0 and 48 h. The effects of dietary supplementation (corn gluten meal or fish meal) and treatment (saline, regressed CL, or nonregressed CL) on serum progesterone, CL diameter, and serum progesterone per CL volume were analyzed using one-way analysis of variance with repeated measures. The statistical model is as stated for effects of dietary supplementation on plasma long-chain fatty acids. Cow was considered a random variable in the model. Calculations were made in SAS using PROC MIXED and the repeated statement. A heterogeneous autoregressive covariance structure was used in the repeated model to account for heterogeneous variation among samples. Preplanned pairwise t-test comparisons were used to determine differences using the PDIFF option of SAS. Percentage of regressed CL between supplement groups receiving two doses of PGF 2α was analyzed using chi-square test. Calculations were made using procedure CATMOD of SAS.
Immediate early and steroidogenic steady-state mRNA
The 2 − Cq method as described by Pfaffl was used to estimate steadystate levels of mRNA for immediate early and steroidogenic genes in response to dietary supplementation and intrauterine infusions [41] . All target genes were normalized using the reference gene β-actin (ACTB). Influence of dietary fish meal supplementation on PGF 2α -induced expression of immediate early and steroidogenic genes was analyzed using a two-way ANOVA. The model included treatment, time, treatment × time, cow, and residual error. Cow was considered a random variable in the model. Calculations were made in SAS using PROC MIXED and the repeated statement. A heterogeneous autoregressive covariance structure was used in the repeated model to account for heterogeneous variation among samples. Preplanned pairwise t-test comparisons were used to determine differences using the PDIFF option of SAS.
Results
Changes in body weight
Initial BW was 510 ± 12.5 kg for corn gluten meal supplemented cows and 514 ± 12.5 kg for fish meal animals, which did not differ (P > 0.10). All cows gained BW during the supplemental period and BW at the end of the study did not differ (P > 0.10) between supplementation groups, which was 529 ± 12.2 kg for corn gluten meal supplemented cows and 549 ± 12.2 kg for fish meal supplemented animals.
Plasma fatty acid composition
There was no effect of dietary supplementation, day, or dietary supplementation × day on plasma fatty acid content of palmitic, palmitoleic, stearic, oleic, or arachidonic acids (P > 0.10; data not shown). Plasma linoleic acid was greater in cows receiving corn gluten meal supplement as compared to cows receiving fish meal supplement (P < 0.05; data not shown). The effects of dietary supplementation on plasma omega-3 fatty acid composition during the supplemental period are shown in Figure 2 . There was no main effect of dietary supplementation on plasma α-linolenic (P > 0.05). There was, however, a dietary supplementation × day interaction with an increase of plasma α-linolenic acid on days 7, 21, and 35 for animals supplemented with fish meal (P < 0.05; Figure 2A ). There was an effect of dietary supplementation, day, and dietary supplementation × day interaction on both plasma EPA and DHA (P < 0.05). Plasma EPA and DHA did not differ (P > 0.10) between corn gluten meal or fish meal supplemented cows at the beginning of the experiment (day 0). However, cows supplemented with fish meal had higher plasma EPA starting at day 7 and DHA at day 14. After which, plasma EPA and DHA were greater for cows supplemented fish meal for the remainder of the supplemental period (P < 0.05; Figure 2B and C). Dietary supplementation of fish meal resulted in a 3.6-fold increase in plasma EPA and a 10.4-fold increase in plasma DHA at the end of the supplementation period.
Effects of dietary supplementation of fish meal on serum progesterone following intrauterine infusions of PGF 2α
In the current study, regression of the CL was defined as serum progesterone remaining below 1 ng/mL for two consecutive time points. There was no difference between dietary supplementation or treatment groups on initial serum progesterone concentrations (0 h; P > 0.05; Figure 3 ). Dietary supplementation did not influence serum progesterone concentrations in animals treated with four doses of saline (P > 0.05). Cows administered two doses of PGF 2α at 12-h intervals resulted in two subpopulations based on serum progesterone-regressed and nonregressed CL. There was a stepwise decrease in serum progesterone for both cows having regressed and nonregressed CL from 0 to 21 h (P < 0.05; Figure 4A ). Serum progesterone continued to decrease between 18 and 48 h in cows with a regressed CL at the end of the experimental period, while there was a rebound in serum concentrations between 21 and 24 h for cows that had a functional CL. The CL was more sensitive to intrauterine infusion of PGF 2α for cows supplemented with corn gluten meal. Ninety-one per cent of corn gluten meal supplemented animals had regressed CL within 48 h and 46% of the CL from cows supplemented with fish meal resulted in regression (P < 0.05; Figure 4B ). One corn gluten supplemented animal infused with two doses of PGF 2α did not undergo functional regression between 24 and 48 h and was therefore removed from further analysis.
Effects of dietary supplementation of fish meal on luteal diameter following intrauterine infusions of PGF 2α
Transrectal ultrasonography was performed to determine the effects of dietary supplementation on luteal diameter following intrauterine infusions of PGF 2α . Dietary supplementation did not affect initial CL diameter (0 h) regardless of treatment group (P > 0.05). Additionally, there were no effects of dietary supplementation on CL diameter throughout the 48-h sampling period for those animals infused with four doses of saline (P > 0.05; Figure 3 ). However, in corn gluten meal supplemented animals infused with two doses of PGF 2α , diameter of the CL decreased by 12 h when compared to 0 h (P < 0.05; Figure 4A ) and remained smaller for remainder of study. In fish meal supplemented animals infused with two doses of PGF 2α , there was a decrease in CL diameter by 18 h for regressed (P < 0.05; Figure 4B ) and 12 h for nonregressed CL (P < 0.05; Figure 4A) , when compared to 0 h. Regardless of regression or nonregression, there was no difference in CL diameter at 48 h in fish meal supplemented animals receiving two doses of PGF 2α (P > 0.05), but were smaller when compared to 0 h (P < 0.05).
An analysis comparing CL volume to serum progesterone concentration was performed as an additional means for determining functional regression. Dietary supplementation did not affect either initial (0 h) or ending (48 h) serum progesterone per CL volume for saline-treated animals (P > 0.05; Figure 3B ). Additionally, there was no difference in initial serum progesterone per CL volume for fish meal supplemented animals treated with two doses of PGF 2α that resulted in regressed or nonregressed CL (P > 0.05; Figure 4C ). However, fish meal supplemented animals with regressed CL had a greater initial serum progesterone to CL volume ratio when compared to corn gluten supplemented animals (P < 0.05; Figure 4C ). At the end of the experimental period, there was a decrease in serum progesterone to CL volume ratio for animals with a regressed CL (P < 0.05), which did not differ between supplementation group (P > 0.05). Serum progesterone per CL volume did not differ at 0 or 48 h for fish meal supplemented animals containing a nonregressed CL throughout the experimental period (P > 0.05; Figure 4C ).
Effects of dietary supplementation of fish meal on immediate early gene expression following intrauterine infusions of PGF 2α
In the current study, luteal biopsies were collected to determine the effects of dietary supplementation of fish meal on immediate early gene expression 30 min following intrauterine infusions of PGF 2α .
There was a main effect of treatment and time (P < 0.05) on expression of FOS and NR4A1, and data are shown in Figure 5 . Dietary supplementation had no effect on luteal FOS and NR4A1 steadystate mRNA levels for animals infused with four doses of saline throughout the experimental period (P > 0.05; Figure 5 ). Additionally, there was no difference in expression of either luteal FOS or NR4A1 at 6 and 18 h, regardless of supplementation or treatment group. However, for corn gluten supplemented animals administered with two doses of PGF 2α , there was an increase in both luteal FOS and NR4A1 at 0 and 12 h (30 min following infusion of PGF 2α ) when compared to animals infused with saline at 0 h (P < 0.05; Figure 5 ). Similar results were obtained for fish meal supplemented animals administered with two doses of PGF 2α with an increase in both luteal FOS and NR4A1 at 0 and 12 h when compared to animals infused with saline (P < 0.05; Figure 5 ). This increase in expression of luteal FOS and NR4A1 did not differ between fish meal supplemented animals infused with PGF 2α with a regressed or nonregressed CL at the end of the experimental period (P > 0.05; Figure 5 ).
Effects of dietary supplementation of fish meal on steroidogenic gene expression following intrauterine infusions of PGF 2α
Luteal tissue was also used to determine the effects of dietary supplementation of fish meal on steroidogenic gene expression 30 min following intrauterine infusions of saline or PGF 2α . There was a main effect of treatment and time on steroidogenic gene expression (P < 0.05), and data are shown in Figure 6 . Dietary supplementation had no effect on expression of steroidogenic steadystate mRNA for luteal low-density lipoprotein receptor (LDLR), STARD1, CYP11A1, or 3BHSD for animals infused with four doses of saline throughout the experimental period (P > 0.05).
For corn gluten meal supplemented animals infused with two doses of PGF 2α , there was a decrease in luteal LDLR steady-state mRNA following the first intrauterine infusion when compared to saline-infused animals (P < 0.05; Figure 6A ). This decrease in luteal LDLR steady-state mRNA persisted throughout the duration of the experimental period (P < 0.05; Figure 6A ). Fish meal supplemented animals infused with PGF 2α had no difference in initial luteal LDLR steady-state mRNA for either subpopulations when compared to animals infused with saline (P > 0.05). There was a decrease in luteal LDLR steady-state mRNA levels at 6 and 18 h for animals with a regressed CL, and at 6, 12, and 18 h for animals with a nonregressed CL when compared to saline-infused animals (P < 0.05; Figure 6A ). Additionally, there was no difference in luteal LDLR steady-state mRNA for fish meal supplemented animals with a regressed or nonregressed CL for all time points (P > 0.05; Figure 6A ).
For animals supplemented with corn gluten meal, there was a decrease in luteal STARD1 steady-state mRNA at initial time point. This remained decreased throughout the sampling period for animals infused with two doses of PGF 2α when compared to saline-infused animals (P < 0.05; Figure 6B ). Moreover, there was no difference in luteal STARD1 steady-state mRNA for either subpopulations (regressed vs nonregressed CL) of fish meal supplemented animals when compared to animals infused with saline (P > 0.05). There was, however, a decrease in luteal STARD1 steady-state mRNA levels at 6, 12, and 18 h for both subpopulations of animals infused with two doses of PGF 2α when compared to saline-infused animals. Additionally, fish meal supplemented animals with a nonregressed CL had a decrease in luteal STARD1 steady-state mRNA when Figure 4 . Effects of corn gluten meal (n = 10) or fish meal (n = 11) on serum progesterone and corpus luteum (CL) diameter following intrauterine infusions of PGF2α. Cows were administered two intrauterine infusions of 0.5 mg prostaglandin (PG) F2α between day 10 and 12 following a synchronized estrus. Cows were administered PGF2α at the first (0 h) and third (12 h) infusion and saline at the second (6 h) and fourth infusion (18 h). (A) The primary vertical axis represents progesterone concentration (ng/mL) of animals supplemented with corn gluten meal (regressed; gray line; n = 10) or fish meal (regressed; black line; n = 5; nonregressed; dash line; n = 6) postintrauterine infusions of PGF2α . The red line represents progesterone concentration at 1 ng/mL; concentrations below line were indicative of functional luteal regression. Dietary supplementation; P > 0.10; time; P < 0.05; dietary supplementation × time; P < 0.05. The secondary vertical axis represented CL diameter (mm) of animals supplemented with corn gluten meal (regressed; open bar; n = 10) or fish meal (regressed; diagonal bar; n = 5; nonregressed; gray bar; n = 6) following intrauterine infusions of PGF2α . Dietary supplementation × time interaction, P < 0.05. (B) Percentage of CL that were nonregressed following two intrauterine infusions of PGF2α . Nonregressed CL were defined as animals with serum progesterone >1 ng/mL throughout the experimental period. compared to regressed animals at 6-h postintrauterine infusion (P < 0.05; Figure 6B ); yet, it did not differ for other time points (P > 0.05).
There was a decrease in luteal CYP11A1 steady-state mRNA for animals supplemented with corn gluten meal that were infused with two doses of PGF 2α following the first intrauterine infusion (P > 0.05; Figure 6C ) when compared to saline-infused animals. There was, however, no difference between treatment (PGF 2α or saline) at 6, 12, or 18 h (P > 0.05; Figure 6C ). Furthermore, there was no difference in luteal CYP11A1 steady-state mRNA for both subpopulations of fish meal supplemented animals when compared to animals infused with saline at 0 h (P > 0.05). There was a decrease in luteal CYP11A1 steady-state mRNA levels at 6 and 18 h for animals with a regressed CL, and at 12 h for animals with a nonregressed CL when compared to saline-infused animals (P < 0.05; Figure 6C ). There was no difference in luteal CYP11A1 steady-state mRNA for fish meal supplemented animals with either a regressed or nonregressed CL for all time points (P > 0.05; Figure 6C ).
There was a decrease in luteal 3BHSD steady-state mRNA for corn gluten meal supplemented animals infused with two doses of PGF 2α following the first intrauterine infusion for animals (P < 0.05; Figure 6D ) when compared to saline-infused animals. This decrease in luteal 3BHSD steady-state mRNA persisted throughout the duration of the experimental period (P < 0.05; Figure 6D ). Following the initial intrauterine infusion of PGF 2α , there was no difference in luteal 3BHSD steady-state mRNA for both subpopulations of fish meal supplemented animals when compared to animals infused with saline (P > 0.05). However, there was a decrease in luteal 3BHSD steady-state mRNA at 6 h for fish meal supplemented animals with a regressed CL, when compared to saline-infused animals (P < 0.05; Figure 6D ). Additionally, this reduction in luteal 3BHSD steady-state mRNA remained decreased throughout the sampling period for animals infused with two doses of PGF 2α when compared to saline-infused animals (P < 0.05; Figure 6D ). There was, however, no difference in luteal 3BHSD steady-state mRNA for fish meal supplemented animals with a nonregressed CL when compared to saline-infused animals for all time points throughout the experimental period (P > 0.05; Figure 6D ).
Discussion
This study was undertaken to examine the influence of dietary fish meal supplementation on luteal sensitivity to intrauterine infusions of PGF 2α . Fish oil and meal are high in omega-3 fatty acids, which has been reported to positively influence reproductive success in the bovine [32, 42, 43] . However, the central mechanism by which fish by-products exert beneficial effects on reproductive performance is still largely unknown. To our knowledge, this is the first study to examine the influence of fish meal supplementation on luteal sensitivity to PGF 2α in the bovine. Herein, we provide for the first-time, evidence that fish meal supplementation alters CL function in response to intrauterine infusions of PGF 2α in nonlactating beef cows.
Nutrition, especially energy level, influences CL function in the bovine [44, 45] and ovine [46] . Animals in this study had similar gain in BW during the supplemental period. Gains in BW were similar to a previous study from our laboratory using this animal model [24] . However, cows receiving fish meal supplementation had increased plasma EPA and DHA beginning on days 7 and 14, respectively, and remained higher as compared to corn gluten meal supplemented animals. These results are consistent with previous studies from our laboratory [24, 40, 47] and another study [48] where supplementation of fish by-products increase plasma EPA and DHA. Therefore, alterations in luteal sensitivity to PGF 2α were most likely due to changes in dietary supplementation (i.e. long-chain fatty acids) and not attributed to increased caloric intake.
Numerous reports in the literature show that omega-3 polyunsaturated fatty acids alter gene expression in many cell types [49] [50] [51] [52] . In the current study, we examined the influence of fish meal supplementation on expression of immediate early genes (FOS and NR4A1) and genes essential for cholesterol uptake (LDLR) and progesterone biosynthesis (STARD1, CYP11A1, and 3BHSD) following the administration of saline or PGF 2α . Dietary supplementation of fish meal did not influence the expression of these genes for animals administered saline. As a result, initial serum progesterone concentrations were unaffected by dietary supplementation and dietary supplementation has no influence on serum progesterone concentrations for animals administered saline during the experiment period. These results agree with other reports in the literature wherein fish meal [32, 36, 48] and oil [43] had minimal effects on progesterone secretion by the CL. To determine the effects of fish meal supplementation on luteal sensitivity, intrauterine infusions of PGF 2α were administered at 12-h intervals during mid-luteal phase of the estrous cycle. In the current study, two doses of PGF 2α resulted in functional regression for 91% of cows supplemented with corn gluten meal. This was associated with an increased expression of immediate early genes and decreased expression of critical genes associated with progesterone biosynthesis. These data are in agreement with previous studies showing PGF 2α influences immediate early and steroidogenic gene expression [38, 53] . Unlike corn gluten meal, fish meal supplementation altered the luteolytic effects of PGF 2α , resulting in 54% of animals with a nonregressed, functional CL. A rebound in serum progesterone was observed between 21 and 24 h for fish meal supplemented animals with a nonregressed, functional CL at the end of the experimental period. Surprisingly, steroidogenic gene expression of STARD1 and CYP11A1 was decreased in all fish meal supplemented animals infused with PGF 2α , regardless of fate of the gland (i.e regressed vs nonregressed). There was, however, no difference in 3BHSD expression for fish meal supplemented animals with a nonregressed CL throughout the experimental period, which was decreased in animals with a regressed CL. This indicates that 3BHSD gene expression may play a critical role in altering luteal function in response to PGF 2α .
We also examined the effects of dietary supplementation of fish meal on immediate early genes, FOS and NR4A1, which are known to play a role in CL steroidogenic gene expression and function [54, 55] . As expected, animals with a regressed CL at the end of the experimental period had an increased expression of immediate early genes, FOS and NR4A1, following administration of PGF 2α , which has been previously shown in this animal model [53] . Recent studies from our laboratory have shown that fish meal supplementation alters FP receptor lateral mobility and localization within lipid microdomains [24] . We have hypothesized that altered receptor mobility and/or localization within the plasma membrane of luteal cells would lead to diminished signaling and expression of immediate early genes. However, in the current study, these genes were upregulated in response to PGF 2α treatment regardless of supplementation or CL function. Additional studies are warranted to determine the relationship between membrane dynamics and gene expression in this animal model following PGF 2α administration.
The mechanism by which PGF 2α causes a reduction in LDLR, STARD1, and CYP11A1 in fish meal supplemented cows, while retaining a functional CL is largely unknown. One possible mechanism is that 3BHSD is a key regulator of luteal function in the presence of PGF 2α . However, this does not fully explain why serum progesterone concentration remained above 1 ng/mL throughout the 48-h experimental period with decreased LDLR, STARD1, and CYP11A expression. Protein translation and/or activity of these gene products may be a better predictor of progesterone biosynthesis. Decrease in steady-state mRNA does not always reflect abundance of protein or its activity [56] [57] [58] [59] ; thus, it is essential to know the protein expression of these steroidogenic genes. Additional studies are necessary to characterize proteomic profiles within the regressing bovine CL supplemented with fish meal.
Another possible mechanism by which fish meal influences functional regression may be through mechanisms involved in progesterone metabolism. In mammals, progesterone is catabolized at the liver primarily by 3α-hydroxysteroid dehydrogenase (AKR1C2) and 20α-hydroxysteroid dehydrogenase (AKR1C1) [60] and diet has been shown to influence expression of these enzymes in dairy cows [61] . Thus, it is possible that omega-3 fatty acids in fish meal may decrease expression or activity of these hepatic enzymes, resulting in increased half-life of progesterone. However, with fish meal supplemented animals with a functional CL, serum progesterone per volume of CL was unaffected, while those with a regressed CL declined. These findings suggest that fish meal supplementation acts to prevent PGF 2α -induced CL regression and thus enabling the maintenance of CL progesterone production, rather than by decreasing its metabolism.
Dietary supplementation did not affect CL size at the start of the experimental period. These data are in agreement with another study that shows fish oil supplementation does not affect CL diameter [43] . Furthermore, size of CL did not change for cows receiving saline during the experimental period, indicating all changes in gland size are in response to administration of PGF 2α , not a result of repeated luteal biopsies.
In addition to functional regression of the CL, PGF 2α also exerted structural regression, as shown by a decrease in luteal diameter. Diameter of the CL decreased in those cows administered two doses of PGF 2α , regardless of dietary supplementation or functional status (regressed vs nonregressed) of the CL. Surprisingly, in cows with a functional CL, diameter of the gland decreased, despite serum progesterone concentrations remaining greater than 1 ng/mL. The decrease in CL size without functional regression is interesting. Prostaglandin F 2α is a potent vasoconstrictor [62, 63] and the decrease in CL size may due to a decrease in ovarian or luteal blood flow. However, this is probably not the cause as recent studies in the literature have shown an increase in luteal blood, following PGF 2α administration [64, 65] .
Another possible mechanism for decreased size of CL may be the effects of PGF 2α on immune cell number or activity. The CL is populated with immune cells [66] [67] [68] , and the specific type of immune cell varies with stage of cycle [67, 69] . Regulatory T lymphocytes are present in mature CL and these cells may secrete cytokines such as IL-4 and -10, which may aid in the maintenance of the CL [70, 71] . However, reduction in progesterone following a pulse of PGF 2α may decrease number of regulatory T lymphocytes and thereby allowing for infiltration of autoreactive immune cells that secrete interferon-γ and tumor necrosis factor alpha [72, 73] . Both of these cytokines have been shown to play an active role in regression of the CL [74] , which possibly activates direct and/or indirect pathways leading to structural regression of the CL as reviewed by Pate and Keyes [75] . While CL size decreased in both PGF 2α subpopulations in fish meal supplemented cows, it is unclear whether decrease of CL size was a result of structural regression or indirect responses following infusion of PGF 2α (i.e. changes in immune cell numbers or type). Additional studies are required to determine expression of apoptotic genes as well as changes in immune cell populations and cytokine secretion following intrauterine infusion of PGF 2α.
In conclusion, dietary supplementation of fish meal has been shown to improve pregnancy rates in beef [76] and dairy cows [42, [77] [78] [79] . Researchers have hypothesized that incorporation of omega-3 fatty acids into uterine tissues alters prostaglandin secretion [36, 80, 81] , thereby improving reproduction in the bovine. Here we provide compiling evidence that omega-3 fatty acids not only influence uterine but also luteal function. In this study, fish meal supplementation altered luteal sensitivity to PGF 2α , which may contribute to improved fertility. Nonetheless, while fish meal was shown to alter luteal sensitivity to intrauterine infusions of low doses of PGF 2α , it is possible to have detrimental consequences on estrous synchronization protocols and potentially lengthen interestrous interval. However, we did not observe a decrease in timing of behavioral estrus following administration of pharmacological doses of PGF 2α or anecdotally interestrous interval for animals supplemented with fish meal. The results from this study bridge the gap in knowledge on potential mechanisms by which omega-3 fatty acids increase reproductive success in beef and dairy cows.
